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A porous medium model of a snow cover, rather than a viscoelastic treatment, has been used to
simulate measured, horizontally traveling acoustic waveform propagation above a dry snow cover
11-20 cm thick. The waveforms were produced by explosions of 1-kg charges at propagation
distances of 100 to 1400 m. These waveforms, with a peak frequency around 30 Hz, show pulse
broadening effects similar to those previously seen for higher-frequency waves over shorter
propagation distances. A rigid-ice-frame porous med{tmgid-porous’”) impedance model, which
includes the effect of the pores within the snow but ignores any induced motion of the ice particles,
is shown to produce much better agreement with the measured waveforms compared with a
viscoelastic solid treatment of the snow cover. From the acoustic waveform modeling, the predicted
average snow cover depth of 18 cm and effective flow resistivities of 16—31 kPaagree with

snow pit observations and with previous acoustic measurements over snow. For propagation in the
upwind direction, the pulse broadening caused by the snow cover interaction is lessened, but the
overall amplitude decay is greater because of refraction of the blast wave200® Acoustical
Society of America.[DOI: 10.1121/1.1360240

PACS numbers: 43.28.En, 43.28.Fp, 43.50.Pn, 43.50.€5]

I. INTRODUCTION predict the measured waveforms better than does the vis-
coelastic model.

Military training activities and firing ranges can produce Many authors have predicted blast overpressure as a

loud SC?U”O'S that .cgu_se SiQ”‘ficam annoyan.ce to Ci_V",ia'?unction of distance from the sourég,but there have been
populations. To minimize this annoyance, noise predlctlonfewer predictions of the entire wavefofit Albert and

models are often used to schedule military activities du”ngOrcuttlo compared predictions and measured waveforms for

periods when atmospheric and other environmental Cond'éhort range propagation above a snow cover, and showed

tions are favorable. However, a better understanding of eny, i e rigid-frame porous model of Attenborotytand its
vironmental effects_ on s_ound propagation anq preOIICtIV"’fow-frequency approximatigrgave good agreement with the
models cqpable of mcludl_ng these effects are still needed. large waveform changes that were observed. Subsequently,
A series of blast noise measurements has been coge”ayennorough model has been applfetd similar mea-
ducted in Norway to investigate the effects of forest vegetag | o ent data in an inversion process to find the snow pa-

tion, .r.mcro—meteorplogmal condltllor_1$, and winter gr"“f?d rameters that control the acoustic effects of the snow cover.
conditions, and their temporal variations, on the propagation- g paper applies Attenborough’s “rigid-porous” ground

of low-frequency wnpulse NOISE. Thg goal of these measurei’mpedance model to predict waveforms at much longer dis-
ments was to elucidate these environmental effects and

. . = . ®nces and lower frequencies than were previously examined.
prowde dastla suitable _for vallda_tlng more realistic Propaga- 1, the next section, we describe the measurements and
tion m_odelt.llr:ja? ear(l)laer anglys::s oftsFo_mlg gf theéNo_r;/r\]/egmn the experimental data. This is followed by a brief outline of

expenmental data, aised a rast Fie rogramith @ e theory of acoustic pulse propagation above a rigid-porous
viscoelastic ground to prgdpt pulses for propagatlon. dIS'medium and the waveform inversion method used to deter-
tances up to 1400 m. Predictions of overpressure a'”npl'tUd(?‘?ﬁine the snow parameters. The results of these theoretical

correlated well with e>_<per|mental data in strongly lJpV\/""rdcalculations are compared with the measurements, and con-
and downward refracting atmospheres when a wet, slushf\!IusionS are presented in the following sections.

snow surface was present. However, the predicted ampli-
tudes and waveforms did not agree with the measured results
when a dry snow cover was present. In this paper, we anat. FIELD EXPERIMENT
lyze a subset of these measurements to examine the effect Rf
a snow cover on the blast waves. Our purpose here is to’
determine whether a rigid-porous model of the snow can  Acoustic measurements were obtained on 22 February
1995 in an open field of pastureland at a site about 200 km
aE| o . north of Oslo, Norway. Two measurement locations near the
ectronic mail: dalbert@crrel.usace.army.mil . . .
PNow at: Norwegian Defense Research EstablishnisfiRE), P.O. Box north and south ends of the field were instrumented with
25, N-2027 Kijeller, Norway; electronic mail: Irh@ffi.no microphones. C4 explosive charges were detonated at vari-

Description of site
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0 FIG. 2. Meteorological conditions during the blast noise measurements, 22
A February 1252-1308 UTC, measured by Tethersafdd. 19. The wind

speed was approximately 4-5 mtsduring the tests, and always blowing

% Explosion approximately from the south along the detonation line.
QA Microphone north) in Fig. 1. Figure 2 shows the meteorological condi-
[] Meteorological Sensors tions during the acoustic measurements. Even though the

_ ' o wind profiles are almost constant with height, the wind shear
I_:IG._l. Plaon view of the gxper|menta| layout. The orientation (_)f the Sensols|nse to the groun@Nhich is not visible in Fig. P caused a
line is 341° true. Detonation height was 2 m, and the acoustic waveformsd.ff . . diti f h di .
were recorded using surface microphones at tigoith, or upwingl and I e.rence '_n pr'opagatlon _Con !tlons or the two directions
1500 m(north, or downwindl locations. studied. This will be described in Sec. IV.

Observations were made in two snow pits, concurrent

- - 6
ous distances between these measurement locations and dim'_—th the blast noise mea_sureme?ft&. The total snow cover
tally recordedFig. 1). The field was virtually flat, with a dry  Ticknesses in the two pits were 18 and 16 cm. A hard snow

snow cover about 0.1 to 0.2 m deep. Below the snow, theri@Yer just above the ground surface was overlain by an ice
was a frozen crust of soil, 0.5 m thick, which had very high€rust; and topped by a layer of newly fallen, partially broken

compressional wave speedaround 3000 msh),® and a precipitation grains. The top layer was 5—6 cm thick, with

density of 2100 kgm®. Apart from this thin fro’zen layer small grain sizes between 0.5 and 1 mm and a relatively low
- 1 . _3 .

conditions weresuperseismici.e., air pressure waves trav- 4€nsity of 125 kgm®. Beneath this layer was a permeable

eled faster than seismic compressional body waves, whiclf® crust 1 cm thick. The lowest snow layer was 9-10 cm

had a typical speed of 300 m’ Below the frozen soil crust, thick with a density of 300350 kg_ﬁ*’f. The grain size in
the soil density was around 1600 kg this layer ranged from 1 to 4 mm, with rounded clusters and

mixed faceted grain types, indicating that some metamorpho-
sis was occurring. Beneath the snow and just above the soil
B. Meteorological and snow conditions surface was a discontinuous ice layer at the bottom 1-2 cm

Meteorological measurements were carried out usin hlck. Snow cover depths measured at other locations in the

tower-mounted instruments and a tethered balf§dburing '?Id on the day of the blast tests ranged from 11 to 20.5 cm,
the acoustic measurements, tf::lsaverage wind speed at 1OV¥1'1th most values between 14 and 16 cm.

above ground was around 5 m's blowing approximatel .

from th% south toward the north, so theg soFL)JFt)h Iocatior? re-C - Acoustical measurements

corded waveforms that had propagated upwind, while the  The Department of Applied Acoustics, University of
north location recorded waveforms that had propagate®alford, England, carried out the acoustical measurements.
downwind. The air temperature was around 0 °C. The atmoWe analyze only the acoustical data recorded using micro-
spheric sound velocity profile was almost constant with timephones placed at the snow surface. Table | contains a de-
and height during the acoustic measurements. However, beeription of acoustical instrumentation used at both locations.
cause of the influence of the wind, the value of the soundWhile the original data were recorded with a 20-kHz band-
velocity was 326 ms! in the upwind directior(toward the  width, the data analysis discussed later was conducted after
south and 336 ms! in the downwind directioritoward the  reducing the sampling rate to 2 khiZhe reader is referred
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TABLE I. Acoustical instrumentation for each measurement location. Onlyywere quickly attenuated as the blast waves propagated.
one channel, &) m height, was used in this paper. The waveforms recorded at the downwifrebrth) loca-

Microphones 4 B&K, 4147 tion last longer than those recorded at the upy\ﬂiﬂquth _
Preamplifiers 4 B&K, 2639 location, and they also exhibit small irregularities in their
Recorders SONY PC 204 4-channel DAT early portions that do not appear in the upwind location
Analyzers 2 Oni Sokki waveforms. Except for the shortest propagation distance
Bandwidth 0.6—20 000 Hz

(100 m), the north location waveforms also have higher peak
pressure amplitudes than those at the south location. These
differences with respect to propagation direction will be dis-
cussed below.

Microphone heights 0,2,4,and 8 m

to papers in the Inter-noise’96 proceedihts?*and in a
special issue of the Noise Control Engineering Journal for
further details on all these measureméfits:22-24
The experimental geometry is presented in Fig. 1. Onell. THEORY
kg charges of C4 explosi?é®>?®were detonat 2 m above - :
the surface along a line between the two acoustic measurA-' Pulse waveform for a rigid-porous medium and
. . ﬁomogeneous atmosphere

ment stations, which were 1500 m apart. The blast wave-
forms for the downwind and upwind locations are shown in  Although a method of calculating pulse shapes based on
Fig. 3. For both recording locations, the duration of thean empirical model of ground impedaritéas been devel-
waveforms increases as the propagation distance increas@ed °~>?® and works well for grass-covered ground, we
and the peak amplitude decreases with distance. The ampftave included a more complicated, but physically based,
tude decay is caused in part by spherical spreading of theodel of ground impedance in our calculations to give better
blast wave front, and in part by environmental effects, as willagreement with observed measurements for siohis
be discussed below. The measured pulses have a broad figodel gives increased accuracy at low frequencies compared
quency content from about 10 to 100 Hz. For the source, théo the empirical model. We briefly outline the procedure for
central frequency for the 1-kg C4 detonations used here igalculating theoretical acoustic pulse waveforms from a
around 30 Hz, compared to a peak frequency of around 20Bnown (or assumepsurface. For a monofrequency source
Hz for the blank pistol shots used in previous (With frequencyw) in the air and a receiver on the surface,
measurement®:2For the snow surface present during thesethe acoustic pressur@ at a slant distance away from the
measurements, we observed that the highest frequenciégurce is given by

P eikr )

5 =—(1+Q)e ', (1)

Downwind Upwind Po 1

wherePy is a reference source pressukas the wave num-
ber in air, andQ is the image source strength representing the
effect of the ground. At high frequenciekre>1), Q can be
written ag®%

Q=Rp+(1-Rp)F(w), @

whereRp is the plane wave reflection coefficieri,is the
boundary loss factor, andl is a numerical distance, all of
which depend on the specific impedaZie») of the ground.
By determining the image source stren@h at thenth fre-
quencyf,, the corresponding response amplit@decan be
written as:

J\/W 100 m
‘/\/\/———— 200 m
A/\/—— 400 m
_//\/\/—\—— 750 m
J’\/\/—\nmm ﬁ>n=%snwn(1+Qn)ei2”fn”c, n=0,1,2,.N-1,
/W
J/\/\N

()
whereS,, andW,, represent the source and instrument effects
at thenth frequency ana is the speed of sound in air. An
inverse FFT,

N-1

> P 2™ m=0,12,N-1, @
n=0

1300 m

1400 m

I

1
—
20 ms Pm_ﬁ

FIG. 3. Normalized blast waveforms experimentally observed by surfacds used to construct theoretical pulse waveforms in the time

microphones for 1-kg explosive charges detod&2em above the surface. ; i
Although the propagation distances are the same for both observation Ioceg-omam' AN eXpIICItIy IayerEd model of the ground must be

tions, the waveforms recorded at the downwind location are longer that!S€d tO rEpreS?nt thin snow covérasing (omitting the fre-
those measured at the upwind location. guency subscripjs
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. . FIG. 5. Observedsolid line) and predicteddashed lingwaveforms at the
FIG. 4. Assumed source waveforfa) and its power spectrurtb) used in gy surface, made using the rigid-porous medium model, for the down-

the theoretical calculations. wind and upwind measurement locations. The source waveform used to
calculate the predicted waveforms appears at the bottom of the figure.
Z3_|Zztank2d

ZZZZ—iZ3tank2d ' 5 propagation distangeand ground propertiegparameters

needed for Attenborough’s rigid-porous ground impedance

i th | g 47 he i d £ th mode) are known. The calculation method assumes that the

In the lsnow a;(;er, Sn 2 andzg are t_v%llmpe ances of the atmosphere is homogeneous. The method can also be used in

show fayer and su stra@um, respecfu Y. , . a waveform inversion procedure to estimate the unknown
_The acoustic behavior of the soll or SNOw s specme_d byground parameters that produce a measured waveform. In

tEhe |m5peda(|jf10522 ar;d (;Nar\]/e rr]]umbe.k2’| whlchfare u\‘j‘\?d N this procedure, the geometry and some of the ground param-

Aqs. (b) an rE’) to f'n the theoretica V\éa\ie orr?. e us% eters(discussed beloyare known and are fixed at a constant

, ttenborough's our-parameter  model 0 ground, 5jue in the inversion calculations. Pulses are calculated us-

impedanct to calculate these param_etgr;. The four.lnputing Egs. (1)—(6) using assumed starting values of the un-

parameters are the effectlvg flow res'St'V&Y the porosity known parameters, and the calculated waveforms are directly

{2, the pore shape factor rati, and the grain shape factor compared with the observed waveforfighe unknown pa-

; .
n'. The snow deptid and the substrate properties are aISOrameters are varied in a systematic way using an iterative

required in a layered model. search proceduf@until good agreement is obtained.
An exponentially decaying source pulSgt) of the form For our rigid-porous medium calculations, the grain

S(t)=P"(1—t/t,)e Vi+ (6) shape factom’ was set to 0.5, corresponding to spherical

is used as the starting waveform in all of the blast wave?nrsgz’rzgda\t/rzapzr%s;tn%; O.;gswlga_gss[g;tigrg|r:re](t:iirferosmnotvf\1/e
calculations. In Eq(6), P* is the positive peak overpressure, g Y,

t the time, and ;. the duration of the positive overpressure. cover. We fixed the pore shape factor rasjat 0.8 for dry

This pulse shape is sometimes known as a FriedlanderWavgpow'12 Parameters for the frozen séilbeneath the snow
P P 2 (1=0.27, 5=0.73, and

Z:

whered is the snow layer thicknesk; is the wave number

form, and has been previously used in blast WaveWere fixed ato=3000 kPas m,
calculation&®¥37and in the ANSI standard blast noise esti- . 0> OnlY the effective flow resistivity of the snow and

mation method® Values of P* —55kPa andt, —3.6 ms the snow depthd were varied in the inversion procedure.

Waveform inversion to determine the snow parameters
were selected to represent the blast wave produced by a 1'I\(/gas erformed independently for each source—receiver dis-
charge of C4 at a distance of 5%hand all calculations P P y

: . tance. We compared calculated and observed pulses using
began with this source pulse. The waveform and spectrum : X
- Ime-aligned, normalized waveforms.
the source are shown in Fig. 4.

B. Inversion technique IV. RESULTS

The acoustic pulse calculation method discussed in the The measured and automatically calculated waveforms
previous section can be used to calculate the pulse shape fare compared in Fig. 5, and the snow parameters determined
a C4 blast if the geometrgsource and receiver heights and from the inversion procedure are listed in Table II. In general
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TABLE Il. Waveform inversion results. waveform inversions have an average value of 3&m, in

Downwind location Upwind location agreement with the measured snow depths of 16 and 18 cm
- - at two widely spaced snow pits. The effective flow resistiv-
Etfective flow Effective flow ities derived from the inversion are nearly constant for the
Range resistivity (o) Snow depth  resistivity (o) Snow depth . . .
(m) KkPas ni2 (cm) KPas ni2 (cm) north downwind location, ranging between 16 and 31
kPasm?. For the upwind location, the values are higher,

100 21 25 57 19 34-72 kPasn, and they seem to fluctuate randomly with

200 16 21 34 19 di
400 20 17 37 17 Istance. .

750 28 18 51 15 These results can be explained by the effects of the snow
1100 29 18 37 15 cover and the wind. For the downwind location, the blast
1300 24 1 58 15 waves tended to be refracted downward causing them to in-
1400 31 18 72 14

teract strongly with the porous snow. While the refraction by

the wind tends to increase the wave amplitude, compared

there is good agreement, and the theoretical Waveformvsv?th the case of a homogeneous atmosphere, the interaction
’ with the snow decreased the amplitude and elongated the

match the measured waveform shapes and time durat'or\}\iaveform. This pulse broadening leads to a low effective

These calculations show that a model with a rigid-porousf TR . : . .
. - Tlow resistivity in the inversion process. The inversion results
ground surface and a homogeneous atmosphere is sufficien

. S are constant with increasing propagation distance, as ex-
to explain the waveform elongation in the measured data. . .
. . ected from the fairly uniform snow cover.
Figure 6 compares the experimentally measured wave- : . .
: 4 . L The pulse broadening observed at the upwind location
form for the downwind measurement location with the rigid-

; ! . was less than at the downwind location, so the effective flow
porous snow cover calculations of this paper and with a Fast

Field Program(FFP calculation, assuming a viscoelastic resistivities determined by the waveform inversion procedure

ground surface, that did not take the dry snow cover intd © higher. Here, the propagation was upwind, so that the

account The propagation distance was 1300 m. The im-vaves tended to be refracted upward, away from the snow
provement in the modeling accuracy using the porous trealts_urface. Although these waves interacted less with the snow
cover, they have lower peak pressure amplitudes because

ment of the snow is clear from this figure. Previous modeling

calculationd“® have shown that no selection of parameters>> ¢ of the energy that was refracted upward never reaches

for a viscoelastic model will be able to produce the correctthe microphone on the ground. The amplitudes, and the in-

amount of waveform broadening shown by the measureHerSion parameters, fluctuate more than for the downwind
data waveforms because they are strongly affected by slight fluc-

The snow cover depths determined by the theoreticaﬂuati_ons in the wind. The waveform a}nd amplitude changgs
in this case are caused by both the wind-generated refraction
and by snow cover interaction.

Single frequency Fast Field Program calculations pre-
sented in Fig. 7 demonstrate the effect of the wind shear
close to the ground. A viscoelastic ground surface with a
compressional wave velocity of 1500 m's shear wave ve-
locity of 1000 ms?, and density of 2000 kgt was used
in the calculations. The refractive effect of the wind shear for
a speed of 5 ms at 10 m height above the grourtBlig. 2)
was modeled first by setting the sound velocity in the calcu-
lations to 331 ms! at the ground. Then the sound velocity
was smoothly varied to values of 336 misfor the down-
wind case and 326 m$ for the upwind case.

The solid lines in Fig. 7 show the calculated difference
in transmission loss between the upwind and downwind di-
rections at 30, 50, and 100 Hz, and clearly demonstrate the
expected wind effect at these low frequencies. The circles in
Fig. 7 show the measured differences in the peak amplitudes
for the blast wave pulses. These measui@dadband dif-
ferences are similar to the calculated values at 30 Hz corre-
sponding to the peak pulse frequencies. This figure shows
that the differences between the measured amplitudes in the
upwind and downwind directions can be attributed to the
FIG. 6. Comparison of the experimental wavefaisolid line) at downwind wind effects.

(north) measurement location, 1300 m from the source with a Fast Field The effective flow resistivities, 16—31 kPa §?n deter-
Program i i i i i ; ; :

resul 25 i Fig. 8 in Hole, Ref 12and wih the rigid-porous medm MNed for the snow cover for downwind propagation agree
calculations of this papeotted ling. All waveforms have been normal- with values determined from most previous pUIse measure-
ized. ments on seasonal sndf'®2!

20 ms
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0 . . Note added in proofA database of the experimental
measurements from the Norwegian trials is available from
sk _ the second author. Additional analysis of the Norwegian data
o » appears in Ref. 42,

=4
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